To identify the virus components important for assembly of the Alfalfa mosaic virus replicase complex, we used live cell imaging of Arabidopsis thaliana protoplasts that expressed various virus cDNAs encoding native and GFP-fusion proteins of P1 and P2 replicase proteins and full-length virus RNAs. Expression of P1-GFP alone resulted in fluorescent vesicle-like bodies in the cytoplasm that colocalized with FM4-64, an endocytic marker, and RFP-AtVSR2, RabF2a/Rha1-mCherry, and RabF2b/Ara 7-mCherry, all of which localize to multivesicular bodies (MVBs), which are also called prevacuolar compartments, that mediate traffic to the lytic vacuole. GFP-P2 was driven from the cytosol to MVBs when expressed with P1 indicating that P1 recruited GFP-P2. P1-GFP localized on the tonoplast, which surrounds the vacuole, in the presence of infectious virus RNA, replication competent RNA2, or P2 and replication competent RNA1 or RNA3. This suggests that a functional replication complex containing P1, P2, and a full-length AMV RNA assembles on MVBs to traffic to the tonoplast.
Introduction
All plus-strand viruses replicate on membranes that differ in origin and location, which provide a lipid-rich platform on which virus and host proteins assemble into replication complexes (Stapleford and Miller, 2010; den Boon and Ahlquist, 2010; Nagy and Pogany, 2012) . These complexes are on the endoplasmic reticulum (ER) and ER-derived membranes for Hepatitis C virus (HCV) (Egger et al., 2002; Gosert et al., 2003; Targett-Adams et al., 2008) , Brome mosaic virus (BMV) (Restrepo-Hartwig and Ahlquist, 1996; Schwartz et al., 2002) , Tobacco mosaic virus (TMV) (Heinlein et al., 1998; Má s and Beachy (1999) ), and Cowpea mosaic virus (Carette et al., 2000) , on mitochondria for Flock house virus (Miller et al., 2001) , peroxisomes for Tomato bushy stunt virus (TBSV) (McCartney et al., 2005) , and chloroplast membranes for Turnip yellow mosaic virus (TYMV) (Hatta et al., 1973) . Alternatively, membranes in the endocytic pathway are used for replication by a number of viruses. For example, lysosomal and endosomal membranes are remodeled for replication by Rubella virus (Magliano et al., 1998; Kujala et al., 1999) and Semliki Forest virus (SFV) (Froshauer et al., 1988; Salonen et al., 2003; Spuul et al., 2010) .
Similarly, the vacuolar membrane of plants, which is equivalent to the lysosomal membranes of animals, serves as the site of replication of Cucumber mosaic virus (CMV) (Cillo et al., 2002) and Tomato aspermy virus (Hatta and Francki, 1981) .
The formation of viral replication complexes and their targeting to specific membranes has been studied for a number of viruses. Often, one of the virus replicase proteins has affinity for a specific membrane upon which the complex assembles. For example, the replicase protein, 1a, of BMV targets the perinuclear ER where it induces spherules on the membrane to house the enzymes and templates for RNA replication Ahlquist, 1996, 1999; den Boon et al., 2001; Schwartz et al., 2002) . 1a recruits the viral RNA polymerase, 2a, the viral RNAs, and host proteins such as reticulon proteins required for spherule formation (Chen and Ahlquist, 2000; Wang et al., 2005; Diaz et al., 2010) . The TYMV 160K replicase protein and the TBSV p33 replicase protein are also master organizers of replicase complex formation (Prod'homme et al., 2003; McCartney et al., 2005) .
The genome organization of Alfalfa mosaic virus (AMV) is similar to other tripartite positive-sense RNA viruses such as BMV and CMV. AMV, the single member of the Alfamovirus genus in the family Bromoviridae, has three capped and nonpolyadenylated genomic RNAs (RNA1-3). RNA1 encodes P1, which contains putative helicase and a methyltransferase domains; RNA2 encodes P2, the RNA-dependent RNA polymerase. RNA3 is bicistronic in that it encodes P3, the movement protein, and the coat protein (CP); however, only P3 is translated from RNA3. The CP is translated from a subgenomic RNA, RNA4, which is synthesized during the replication of RNA3 (Smit and Jaspars, 1982) and is encapsidated into virions. Viruses in the Alfamovirus and the Ilarvirus genera are unique in that they require the virus CP or RNA4 for infection (Gonsalves and Garnsey, 1975; Alblas and Bol, 1978) . The AMV CP has strong affinity for the virus RNA so that the N-terminal 26 amino acids of CP binding strongly to the 3 0 end of all AMV RNAs resulting in significant changes in the RNA conformation (Guogas et al., 2004) . Alternative mechanisms have been suggested to explain the role of the CP. One proposal is that the CP enhances viral translation based on the finding that translation is enhanced by polyadenylation of the nonpolyadenylated AMV RNAs and that the CP interacts with eIF4G subunit of the initiation complex Krab et al., 2005) . Another proposal suggests that CP-RNA cofolding generates a unique structure for binding of the virus replicase (Guogas et al., 2004) .
AMV P1 and P2 replicase proteins interact in vitro and in yeast two-hybrid assays (Van Der Heijden et al., 2001) . Expression of these proteins from full-length AMV RNA1 and 2 transgenes in tobacco plants is sufficient for the assembly of replicase complexes that synthesize minus-strands of RNA1 and 2 (Thole et al., 2001) . However, the expression of RNA3 encoding the CP is required for plus-strand RNA synthesis. Additional studies indicated that the assembly of an active replicase also requires the presence of virus RNA 3 0 ends (Vlot et al., 2001) . The replication complex likely resides on the tonoplast where P1 and P2 were shown to colocalize in AMV-infected protoplasts (Van Der Heijden et al., 2001) .
AMV replicates efficiently in arabidopsis protoplasts and infection can be launched from AMV cDNAs (Balasubramaniam et al., 2006) . Here, we investigated the sub-cellular location of replication competent P1 and P2 GFP-fusion proteins in arabidopsis protoplasts following transfection with cDNA or AMV RNA. Results from confocal microscopy of live protoplasts confirmed that P1 and P2 associate with the tonoplast during infection. However, when expressed alone, P1 fusion protein colocalizes with proteins specific to multivesicular bodies (MVBs), which are also called prevacuolar compartments, and when expressed with P2, it recruits P2 to the MVBs. With the coexpression of at least one of any of the full-length AMV RNAs and P2, P1-GFP associates with the tonoplast. This suggests that the formation of an active replicase complex containing P1, P2, and full-length RNA is required for transport of the complex to the tonoplast via MVBs.
Results

P1 and P2 GFP fusion proteins were functional in virus replication
AMV cDNAs under control of the 35S promoter (pA1-35S, pA2-35S, and pA3-35S for the expression of AMV RNA1, 2, and 3, respectively) were previously shown to be infectious upon transfection of arabidopsis protoplasts resulting in the synthesis of AMV RNAs, which subsequently replicate producing an infection similar to wild type virions (Balasubramaniam et al., 2006) . These cDNAs (renamed pA1, pA2, and pA3) were used with the new constructs containing only P1 and P2 ORFs with or without fusion to GFP to investigate the location of the replicase proteins in arabidopsis protoplasts. pP1 and pP2 and their tagged constructs were used for the expression of P1 and P2 proteins without virus infection. To determine if the proteins encoded by the new constructs ( Fig. 1A) were functional in replication, the constructs encoding P1 and P2 were mixed with pA2 and pA3 or with pA1 and pA3, respectively for transfection. If the P1 and P2 proteins were functional, the full-length RNAs transcribed from pA1, pA2, or pA3 would be replicated and CP would accumulate, which occurs only when subgenomic RNA4 is made during the replication of RNA3. Fig. 1B shows that pP1 (lane 3) and pP2 (lane 4) along with pA3 enabled the translation and accumulation of AMV CP. These samples contained about as much CP as did samples transfected with pA1, pA2, and pA3 (Fig. 1B, lane 2) . This indicates that P1 and P2 enabled the replication of transcribed RNA3. Constructs containing P1 and P2 ORFs fused to the GFP ORF ( Fig. 1A) were likewise tested for function. Both pP1-GFP and pGFP-P2 enabled the accumulation of CP (Fig. 1B , lane 6 and lane 5, respectively); however, the fusion proteins were less effective in replication than P1 and P2 (compare lanes 3 and 4 with lanes 5 and 6) and pP1-GFP was less effective than GFP-P2 (compare lane 6 with lane 5). Therefore, in an effort to increase function of the P1 fusion protein, a second construct was made to express a P1 fusion protein with GFP at the N-terminus. However, GFP-P1 encoded by this construct was unable to participate in RNA3 replication. CP did not accumulate in protoplasts transfected with a mixture of pGFP-P1, pA2, and pA3 (data not shown). Therefore, only pP1-GFP was used in all experiments. Immunoassays of protoplasts transfected with AMV cDNAs and pP1-GFP or pGFP-P2 indicated that CP accumulated in 11-14% or 16-29% of protoplasts, respectively. This was sufficient to observe the behavior of the fusion proteins by live cell imaging.
When expressed alone, P1-GFP colocalized with FM4-64
Protoplasts were transfected with pP1-GFP to determine the location of P1-GFP when expressed alone. Fluorescence was first detectable about 5 h post transfection (hpt) in a few protoplasts and it increased in intensity and frequency over time. The fluorescence was observable as small punctate spots ( Fig. 2A) . These spots colocalized with FM4-64, a lipophylic dye that is selective for membranes in the endocytic pathway from the plasma membrane to the membrane of the vacuole, the tonoplast, and is used to investigate vesicle trafficking in living cells (Bolte et al., 2004; Griffing, 2008; Van Gisbergen et al., 2008) . The protoplast shown in Fig. 2A was labeled continuously with FM4-64 after transfection so that FM4-64 is visible on the plasma membrane, endosome and MVB membranes, and the tonoplast. The DIC image is at the right and arrowheads point to the tonoplast. When protoplasts were observed at longer intervals after transfection, large fluorescent bodies could be detected (Fig. 2B ). The fluorescent body colocalized with a large structure marked by FM4-64 and it is close but separate from the tonoplast, which is also labeled with FM4-64. The number of fluorescent bodies increased and became larger with time, sometimes appearing as complexes of numerous small bodies. However, all colocalized with FM4-64l. Van Der Heijden et al. (2001) reported that AMV P1 was exclusively on the tonoplast in protoplasts made from infected cells. Therefore, to determine whether transfection using 5 mg of pP1-GFP caused artifacts due to excessive protein expression, protoplasts were transfected with 0.5 to 10 mg of plasmid so that individual protoplasts received either a few copies of pP1-GFP or many copies. The frequency of protoplasts with observable fluorescent bodies decreased with decreasing plasmid; however, the fluorescence was still observable as punctate bodies with small amounts of plasmid or as larger bodies with greater amounts of plasmid similar to the bodies shown in Fig. 2 . Therefore, the pattern of P1-GFP localization was not an artifact due to the accumulation of large amounts of P1-GFP. Colocalization with FM4-64 suggested that P1-GFP accumulated on organelles in the endocytic pathway.
P1-GFP localized to MVBs
To determine whether P1-GFP accumulated on organelles that are not part of the endocytic pathway, we expressed P1-GFP with a number of cellular markers. The location of chloroplasts was detected by chlorophyll autofluorescence in protoplasts transfected with pP1-GFP. However, the signal from P1-GFP did not colocalize with chloroplasts indicating that P1-GFP did not accumulate on the chloroplast membrane ( Fig. 3A) . To detect the endoplasmic reticulum, we co-transfected protoplasts with pP1-GFP and pER-rk (Nelson et al., 2007) , which encodes the signal peptide of arabidopsis wall-associated kinase 2 (He et al., 1999) fused to mCherry followed by the ER retention signal (Gomord and Denmat, 1997) . The ER-targeted protein formed a network throughout the cytoplasm (Fig. 3B) ; however, P1-GFP did not colocalize with this protein indicating that P1-GFP was not associated with the ER network. To detect peroxisomes, we cotransfected protoplasts with pP1-GFP and ppx-rk (Nelson et al., 2007) , which encodes the peroxisomal targeting signal 1 fused to mCherry. Many punctate spots of mCherry accumulated (Fig. 3C) ; however, P1-GFP did not colocalize with them. This indicates that P1-GFP did not accumulate on peroxisomes.
P1-GFP always colocalized with FM4-64. Therefore, we compared the distribution pattern of P1-GFP to that of proteins that reside in the endocytic pathway and colocalize with FM4-64: soybean a-1, 2-mannosidease, GmMan1, (Saint-Jore-Dupas et al.,
2004)
, which localizes in the Golgi, RabA4b (Preuss et al., 2004) , which localizes in a unique trans-Golgi network (TGN) compartment involved in secretion, and three proteins, which localize to MVBs involved in transport to the lytic vacuole including: AtVSR2 (Miao et al., 2006) , RabF2a (Sohn et al., 2003) , and RabF2b (Lee et al., 2004) . pG-rk, which encodes the first 49 amino acids of GmMan1 including the cytoplasmic tail and transmembrane domain fused to mCherry (Nelson et al., 2007) was used for transfection along with pP1-GFP. The marker accumulated throughout the cytoplasm in numerous punctate spots ( Fig. 4A ). P1-GFP also accumulated in punctate spots, but none colocalized with mCherry-GmMan1 on the Golgi. Similarly, P1-GFP did not colocalize with mRFP-RabA4b (Fig. 4B ). These results indicate that P1-GFP did not localize on the Golgi marked by GmMan1 or on the TGN-like compartment marked by RabA4b. Co-localization of P1-GFP, however, occurred with the three proteins that reside on MVBs (Lam et al., 2007; Miao et al., 2008) . P1-GFP colocalized with the fusion proteins of two mammalian Rab5 homologues, RabF2a ( Fig. 4C ) and RabF2b (Fig. 4D ). It also colocalized with the vacuolar sorting receptor protein, AtVSR2, which is an arabidopsis homologue of vacuolar sorting receptor BP-80 identified in pea plants (Fig. 4E ). In all of the protoplasts that expressed both P1-GFP and MVB-specific proteins, P1-GFP fluorescence always colocalized with the MVB marker. In Fig. 4C , all visible MVBs are marked with both P1-GFP and RabF2a-mCherry. Generally, however, protoplasts contained a portion of MVBs labeled only with the specific marker, which indicated that P1-GFP did not reside on all of the observable MVBs as shown in Fig. 4D and E. Our results, therefore, indicate that P1-GFP localizes to MVBs that are in the pathway to the lytic vacuole (Record and Griffing, 1988) .
GFP-P2 was distributed throughout the cytosol when expressed alone, but was recruited to MVBs when expressed with P1
Transfection of arabidopsis protoplasts with pGFP-P2 resulted in fluorescence throughout the cytosol as delimited by the tonoplast marked by FM4-64 ( Fig. 5A) . The distribution was similar to GFP ( Fig. 5B ) except that GFP-P2 never accumulated in the nucleus, which is located to the left in Fig. 5A and above the faintly marked tonoplast in Fig. 5B . P1 and P2 have been shown to interact in vitro and in vivo (Van Der Heijden et al., 2001; Reichert et al., 2007) . To determine if this interaction affects the distribution of either protein in vivo, we transfected protoplasts with mixtures of pP1-GFP and pP2 or pP1 and pGFP-P2. The presence of P2 did not affect the localization of P1-GFP ( Fig. 5C ). Here, GFP fluorescence was observable on large bodies that were marked by FM4-64. GFP-P2 distribution in the protoplasts, however, was markedly influenced by P1. Fluorescence accumulated on discrete bodies, which were labeled with FM4-64 as shown in Fig. 5D . The bodies were identical to those that accumulated upon the expression of P1-GFP alone such as in Fig. 2 . Generally, there was faint diffuse fluorescence in the cytosol, such as in Fig. 5D .
Thus, not all of the GFP-P2 colocalized with P1 in a distribution similar to that observed in infected protoplasts (Van Der Heijden et al., 2001) . Coexpression of GFP-P2 and P1 with RabF2a-mCherry in protoplasts indicated that GFP-P2 and RabF2a-mCherry colocalized (Fig. 5E ). Faint GFP fluorescence in the cytosol in Fig. 5E indicates that some GFP-P2 remained in the cytosol as in Fig. 5D . Therefore, P1 recruited GFP-P2 to MVBs marked by RabF2a-mCherry on which P1 localized when expressed alone.
P1-GFP localized to the tonoplast when expressed with AMV RNAs or cDNAs P1 and P2 were detected on tonoplasts in infected cowpea protoplasts (Van Der Heijden et al., 2001) , but in our studies neither P1 nor P2 separately or together accumulated on tonoplasts. To determine whether infection would alter the localization of the replicase proteins, we included AMV RNAs 1-4, which had been isolated from virions, in the transfection mixture containing pP1-GFP. The RNAs rapidly replicated in the presence of P1-GFP so that at 10 hpt, 77-96% of the protoplasts were infected as determined by an immunofluorescent assay for AMV CP. In all protoplasts, fluorescence was detected on the tonoplast and some protoplasts contained bright MVBs as well ( Fig. 6A and  B ). All fluorescence colocalized with FM4-64, which in Fig. 6A is marking the tonoplast and a large MVB, whereas in Fig. 6B , it is marking the tonoplast, some MVBs, and faintly, the plasma membrane.
To determine whether AMV cDNAs would behave like AMV RNA in the localization of P1-GFP, a mixture of pA2, pA3, and pP1-GFP was used for transfection. In a few protoplasts, P1-GFP accumulated only on MVBs, which suggested that these protoplasts were only expressing P1-GFP. However, about 60% of the remaining fluorescent protoplasts exhibited fluorescence on tonoplasts with or without fluorescent bodies in the cytoplasm as shown in Fig. 6C . Here the tonoplast is marked by both FM4-64 and P1-GFP as are a few MVBs to the right of the tonoplast in the cytoplasm. The remaining 40% of the fluorescent protoplasts accumulated P1-GFP in punctate spots that colocalized with FM4-64 on tonoplasts without overall GFP fluorescence on the membrane (Fig. 6D) . The fluorescence in protoplasts transfected with pP1-GFP and cDNAs ( Fig. 6C and D) was generally fainter that in those transfected with pP1-GFP and AMV RNA ( Fig. 6A and  B) . This likely was caused by lower activity of the cDNAs in infection. These results indicate that P1-GFP localized on the tonoplast upon infection following transfection with AMV RNA or the cDNAs, pA2 and pA3, which express full-length RNA1 and RNA2, respectively.
The expression of P2 and full-length RNA enabled P1-GFP to localize on the tonoplast P1 and P2 GFP-fusion proteins accumulated on MVBs when expressed together; however, P1-GFP accumulated on tonoplasts, as well as, on MVBs upon infection. This suggests that AMV RNA3 or the UTRs of AMV RNA1 and/or 2 are required for P1-GFP distribution on the tonoplast. Therefore, protoplasts were transfected
RabF2a-mCherry with pP1-GFP along with individual cDNAs encoding full-length virus RNAs. Following transfection with pP1-GFP and pA1, fluorescent bodies accumulated without tonoplast labeling (Fig. 7A ). In this protoplast, the MVBs are between the tonoplast and plasma membrane or in a cytoplasmic strand delimited by tonoplast membranes. Therefore, the presence of RNA1 UTRs did not affect the localization of P1-GFP. Similarly, protoplasts were transfected with pA2 to determine whether the UTRs of RNA 2 along with the expression of the encoded protein, P2, would enable P1-GFP to accumulate on the tonoplast. Fig. 7B shows that pA2 co-expression drove P1-GFP to the tonoplast. The tonoplasts of many protoplasts were fluorescent with or without bright punctate spots although some protoplasts contained only fluorescent spots on the tonoplast with no detectable overall fluorescence. Lastly, protoplasts were transfected with pP1-GFP and pA3, which encodes AMV P3 and CP. Fluorescent bodies of various sizes accumulated. Fig. 7C shows a large fluorescent body that is close to the tonoplast in the cytoplasm. These results indicate that co-expression of full-length RNA1 or RNA3 did not enable P1-GFP to associate with the tonoplast, while the co-expression of A2 resulted in P1-GFP accumulation on the tonoplast. This suggests that P1-GFP and full-length AMV RNA1 or RNA3 is not sufficient and that P2 is also required for tonoplast localization. Therefore, protoplasts were transfected with pP1-GFP, pP2, and pA1 or pA3. P1-GFP accumulated on tonoplasts as overall fluorescence with bright spots (Fig. 7D ) or with additional accumulation on bodies in the cytoplasm (Fig. 7E ). Therefore, the expression of P1-GFP and full-length RNA1 or RNA3 plus P2 enables the trafficking of P1-GFP to the tonoplast. This suggests that P1, P2, and AMV RNA UTRs are required for tonoplast localization of the replicase complex.
Discussion
AMV cDNA constructs efficiently launch AMV infection in arabidopsis protoplasts (Balasubramaniam et al., 2006) ; therefore, we designed a system in which the replicase proteins, P1 and P2 or their GFP fusions (Fig. 1 ) could be tracked in real time to investigate the formation of the replicase complex. The expression of P1-GFP protein was robust soon after transfection of arabidopsis protoplasts. It accumulated as small punctate spots and large globular-shaped bodies, both of which increased in number and size with time. All bodies colocalized with the endocytic marker, FM4-64, which associates with various endosomes, multivesicular bodies, Golgi, the trans-Golgi network and, ultimately, the tonoplast (Bolte et al., 2004) . P1-GFP's association with FM4-64 and its lack of association with chloroplasts, Golgi, and peroxisomes suggested that it accumulated in the endosomal compartment. This was confirmed by colocalization with MVB-specific proteins including: RabF2a-mCherry, RabF2b-mCherry, and RFP-AtVSR2 (Ueda et al., 2001; Sohn et al., 2003; Tse et al., 2004; Miao et al., 2006) . RabF2a also referred to as Rha1 and RabF2b also referred to as Ara7 are two of more than 50 members of the Rab family of GTPases in arabidopsis, which have roles in vesicle-mediated transport as do all Rab proteins (Marcote et al., 2000) . The Rab proteins interact with various other proteins to cycle between a cytosolic GDP-bound inactive state and membrane associated GTP-bound active state and with downstream effector proteins to regulate budding, movement, and fusion of vesicles with membranes (Pfeffer and Aivazian, 2004; Saito and Ueda, 2009 ). RabF2a and RabF2b are members of the RabF subfamily in plants that have roles in endosomal trafficking of soluble proteins to the vacuole (Sohn et al., 2003; Lee et al., 2004; Haas et al., 2007) . Rab proteins have been found to be associated with the entry, trafficking, and replication of a number of viruses. For example, mammalian Rab1 and Rab5, which are homologues of arabidopsis Rab1b (Batoko et al., 2000) and RabF2a (Sohn et al., 2003) , respectively, are required for efficient replication of HCV (Stone et al., 2007; Manna et al., 2010) . In addition, the Rab1 GTPase-activating protein, TBC1D20, directly interacts with the HCV nonstructural protein, NS5A, for efficient replication (Sklan et al., 2007a (Sklan et al., , 2007b . Early endosomes containing Rab5 are involved in the trafficking of SFV to late endosomes containing Rab7 (Vonderheit and Helenius, 2005) . And recently, the RabGDP dissociation inhibitor (GD12) of Nicotiana benthamiana was shown to interact with the 126 kDa replication protein of TMV to relocate GD12 from the cytoplasm to sites in the ER where infection is established (Kramer et al., 2011) .
Coexpression of P2 with P1-GFP did not affect the localization of P1-GFP. This finding along with localization studies of P1-GFP expression alone, indicated that P1-GFP did not associate with the tonoplast, the proposed site of AMV replication (Van Der Heijden et al., 2001) , but rather accumulated as P1/P2 complexes in the endocytic pathway. This is in contrast to the behavior of other viral nonstructural proteins similar to P1 encoded by other members of the Bromoviridae. For example, the 1a protein of BMV Ahlquist, 1996, 1999; den Boon et al., 2001) and of CMV (Cillo et al., 2002 independently localize to ER membranes and tonoplasts, respectively, where replication takes place. Likewise, homologous proteins of the following viruses localize to sites of replication when expressed alone: the 126K protein of TMV localizes to the ER (dos Reis Figueira et al., 2002) , the 140K protein of TYMV localizes to chloroplast membranes (Prod'homme et al., 2003) , and the P33 protein of TBSV localizes to peroxisome membranes (McCartney et al., 2005) .
The AMV P2 protein, which is the putative RNA polymerase, accumulated throughout the cytosol when expressed alone suggesting that it contains no targeting information. Its behavior is similar to that of other viral polymerase proteins such as the 2a protein of BMV (Chen and Ahlquist, 2000) and the 66K protein of TYMV (Prod'homme et al., 2003) . In the presence of P1, however, GFP-P2 was found to colocalize with RabF2a-Cherry-tagged MVBs. The recruitment of GFP-P2 to the MVBs is likely mediated through its interaction with P1, which has been shown to occur in vitro and in yeast (Reichert et al., 2007; Van Der Heijden et al., 2001) . Therefore, AMV is similar to other viruses in that the polymerase is recruited to sites of replication by another viral nonstructural protein. The BMV 1a protein recruits the 2a polymerase protein from the cytoplasm to the ER membrane (Chen and Ahlquist, 2000) . The p33 protein of Cucumber necrosis virus recruits the p92 polymerase protein to peroxisomal membranes (Panavas et al., 2005) and the TYMV 104K protein brings the 66K protein to the chloroplast membrane (Jakubiec et al., 2004; Prod'homme et al., 2003) .
In contrast to its localization when expressed alone and with P2, P1-GFP appeared on tonoplasts when expressed in infected protoplasts. This confirms that the tonoplast is the site where AMV replicase proteins ultimately accumulate and it is likely the site of replication. The presence of P1-GFP on a few MVBs in infected cells is intriguing and raises the possibility that AMV replication may start on the MVBs and progress to the tonoplast or that AMV can replicate on both MVB membranes and the tonoplast. Recently, the replicase complex of two alphaviruses, SFV and Sindbis virus, was described as trafficking between the plasma membrane and cytopathic vacuoles. Both of these viruses were thought to form replication complex spherules only on cytopathic vacuoles made up of lysosomes and modified endosomes, which are equivalent to plant vacuoles and MVBs (Froshauer et al., 1988; Jiang and Rogers, 1998; Salonen et al., 2003; Vonderheit and Helenius, 2005; Mo et al., 2006) . However, live-cell imaging and electron microscopy indicated that the replication complexes form at the plasma membrane and are relocated to the cytopathic vacuoles (Spuul et al., 2010; Frolova et al., 2010) . The components for replication of other viruses have been reported to come together on distinct organelles and traffic to other sites for replication. For example, small vesicles concentrate the proteins and RNAs for replication of Turnip mosaic potyvirus at the ER and transport them to the chloroplasts for replication (Wei et al., 2010) .
To sort out the components required for tonoplast localization, P1-GFP was expressed with P2 and different AMV cDNAs. Tonoplast targeting occurred following transfection with mixtures containing pP1-GFP plus A2 or pP1-GFP, pP2 and A1, or A3. These results indicate that P1-GFP targeting to the tonoplast is dependent on the presence of P2 and 3 0 and/or 5 0 UTRs of an AMV RNA. Our data add to the results of Vlot et al. (2001) , who reported that an active AMV replicase could only be isolated from plants transiently expressing full-length RNA1 and 2, whereas it could not be isolated if the RNAs lacked 3 0 UTRs. Thus, a 3 0 UTR was required for the formation of an active replicase complex. These results and ours suggest that the formation of an active AMV complex is required for localization on the tonoplast. Recently, the formation of replication complex of Flock house nodavirus (FHV) was found to require the presence of a replication competent FHV RNA as well as the FHV polymerase (Kopek et al., 2010) . Thus, spherule formation of FHV requires RNA synthesis. Our results indicate that, of the AMV proteins involved in replication, only P1 has affinity for membranes. Therefore, our results suggest that that P1 orchestrates the assembly of the AMV replicase complexes by recruiting P2 and AMV RNAs to MVBs, which transport the complexes to the tonoplast.
Materials and methods
Plasmids
All PCR reactions were performed using pfu DNA polymerase for enhanced fidelity and production of blunt ended PCR products. The PCR products in all final vectors were sequenced for confirmation. A linear DNA, p35S, containing the 35S promoter for expression of P1, P2, GFP, and GFP fusions was made by digesting psmRSGFP (Davis and Vierstra, 1998) with BamHI, filling in the ends using Klenow DNA polymerase, and digesting with SacI to remove the resident GFP ORF sequence. To make the vector for expression of GFP, pGFP, the ORF for the enhanced GFP (EGFP) from the pEGAD vector (Cutler et al., 2000) was amplified using the forward primer, GFP-BamHI, to add a BamHI site just before the start codon of the EGFP ORF and the reverse primer, GFP-SacI, to add a SacI site and a stop codon to the end of the EGFP ORF.
( Table 1 lists the primer sequences used in this study). The PCR product was digested with BamHI and SacI, ligated to p35S.
cDNAs of RNA1 and 2 had been previously cloned into the pSP64 and pUC19 vectors under control of the T7 promoter to make pA1-pSP64 and pA2-pUC19, respectively. The infectivity of the in vitro RNA transcripts from these vectors had been confirmed previously (Balasubramaniam et al., 2006) . The 5 0 and 3 0 ends of the ORFs of RNA1 and 2 in pA1-pSP64 and pA2-pUC19, respectively, were amplified by PCR and the products were used to replace the 5 0 and 3 0 UTR sequences in pA1-pSP64 and pA2-pUC19. The resulting plasmids, pP1-pSP64 and pP2-pUC19 contained only the ORFs of P1 and P2, respectively. Thus, to amplify the 5 0 end of the P1 ORF, we used the forward primer, P1-F-SmaI, which added a SmaI site just before the start codon of the P1 ORF, and the reverse primer, A1-BsiWI, which spans the unique BsiWI restriction site of the cDNA of RNA1. The PCR product was digested with BsiWI and ligated to pA1-pSP64, which had been digested with BamHI, filled in, and then digested with BsiWI, to produce pA1D5 0 UTR-pSP64. The 3 0 end of the P1 ORF was amplified using the forward primer, A1-NcoI, which spans the unique NcoI restriction site of the cDNA of RNA1, and the reverse primer, P1-R-SacI, which added a SacI site next to the P1 ORF stop codon. The PCR product was digested with NcoI and SacI and ligated to pA1D5 0 UTR-pSP64, which had been digested with the same restriction enzymes, to produce pP1-pSP64. To amplify the 5 0 end of the P2 ORF, we used the forward primer, P2-F-SmaI, which added a SmaI site just before the P2 ORF start codon, and the reverse primer, P2-R-BamHI, which spans the unique BamHI restriction site of the cDNA of RNA2. The PCR product was digested with BamHI and ligated to pA2-pUC19, which had been digested with PstI, filled in, and then digested with BamHI, to produce pA2D5 0 UTR-pUC19. The 3 0 end of the P2 ORF was amplified using the forward primer, P2-F-KpnI, which spans the unique KpnI restriction site of the cDNA of RNA2, and the reverse primer, P2-R-SacI, which added a SacI site next to the P2 ORF stop codon. The PCR product was digested with KpnI and SacI and ligated to pA2D5 0 UTR-pUC19, which had been digested with the same restriction enzymes, to produce pP2-pUC19.
The EGFP ORF obtained from the pEGAD vector (Cutler et al., 2000) was fused to P1 and P2 to make GFP-P1, P1-GFP and GFP-P2 expression vectors. Thus, the EGFP ORF followed by 10 Ala codons and restriction enzyme sites (EcoRI, SmaI, Hind III, and BamHI) was subcloned from the pEGAD vector to the Litmus 28 vector (New England Biolabs) using double digestion with AgeI and BamHI to make pGFP-Ala(10)-L28. Then, the EGFP ORF followed by the 10 Ala codons was released as a blunt-ended fragment from pGFP-Ala(10)-L28 using StuI and SmaI digestion, followed by ligation to SmaI digested pP1-pSP64 and pP2-pUC19, to produce pGFP-Ala(10)-P1-pSP64 and pGFP-Ala(10)-P2-pUC19, respectively. The GFP-Ala(10)-P1 sequence was released from pGFP-Ala(10)-P1-pSP64 by digestion with HindIII, followed by filling the ends with klenow DNA polymerase, and finally, digestion with SacI. The GFP-Ala(10)-P1 sequence was then ligated to the linear p35S vector to make pGFP-P1. Similarly, GFP-Ala(10)-P2 was released from pGFP-Ala(10)-P2-pUC19 by digestion with XbaI, followed by filling the ends with klenow DNA polymerase, and finally, digestion with SacI. The GFP-Ala(10)-P2 sequence was then ligated to the linear p35S to make pGFP-P2. To make vectors for the expression of wild-type P1 and P2, the P1 and P2 ORFs sequences were removed from pGFP-P1 and pGFP-P2, respectively, by digestion with SmaI and SacI, followed by ligation to the linear p35S vector to make pP1 and pP2. To make pP1-GFP expression vector, the 3 0 end of the P1 ORF was amplified using the forward primer, P1-BglII, which spans the unique BglII restriction site of the cDNA of RNA1, and the reverse primer, P1-Ala10-SacI-XhoI, which added SacI and XhoI restriction sites and 10 Ala codons, as well as removing the P1 ORF stop codon. The PCR product was digested with BglII and XhoI and ligated to pP1, which had been digested with the same restriction enzymes, to produce pP1-Ala(10). The EGFP ORF from the pEGAD vector (8) was amplified using the forward primer, GFP-XhoI, which added an XhoI restriction site before the EGFP ORF start codon, and the reverse primer, GFP-SacI, which added a SacI restriction site next to EGFP stop codon. The PCR product was digested with XhoI and SacI and ligated to pP1-Ala(10), which had been digested with the same restriction enzymes, to make pP1-GFP.
The plasmids, px-rk, ER-ck, and G-rk (Nelson et al., 2007) , pRabF2a-mCherry, and pRabF2b-mCherry were obtained from the Arabidopsis Stock Center. The plasmids, pmRFP-AtVSR2 (Miao et al., 2006) and pRFP-RabA4b (Preuss et al., 2004) were kindly provided by Dr. Liwen Jiang and Dr. Stanton Gelvin, respectively.
Isolation of arabidopsis protoplasts
Protoplasts were isolated from an Arabidopsis thaliana cell culture that was maintained as previously described (Delgado et al., 1998) . The isolation of protoplasts was as previously Table 1 Sequences of oligonucleotides used in this study a .
Oligonucleotide
Sequence (5 0 -3 0 )
Underlined sequences in bold are added restriction enzyme sites, which are indicated in the corresponding oligonucleotide name.
Sequences in bold without underlining are nucleotides added for cloning while sequences in regular type correspond to AMV RNA sequences.
described (Ueda et al., 2001) with slight modifications. Briefly, cells were digested in an enzyme mixture containing 2% cellulysin (Calbiochem), 0.1% pectolyaseY-23 (Seishin Pharmaceutical), and 400 mM mannitol for 90 min at 30 1C with gentle shaking followed by centrifugation at 50 Â g for 2 min to collect protoplasts, which were then resuspended in mannitol/CaCl 2 solution (400 mM mannitol and 70 mM CaCl 2 ). Viable protoplasts were isolated by sedimentation at 50 Â g for 10 min onto a cushion of 20% sucrose solution, washed with mannitol/CaCl 2 solution twice, pelleted, and resuspended in mannitol/MgCl 2 solution (400 mM mannitol, 15 mM MgCl 2 , and 5 mM MES, pH 5.7) (Negrutiu et al., 1987) at a concentration 10 6 protoplasts/ml.
Transfection and immunofluorescent assay of protoplasts
Protoplast transfection was as described (Ueda et al., 2001) with slight modification. Briefly, 100 ml of a protoplast suspension at 10 6 protoplasts/ml were added to 5 mg of each plasmid DNA and 10-30 mg of sheared salmon sperm carrier DNA, or for cotransfections with RNA and cDNA, to 15 mg of cDNA, 5 mg of AMV RNA, which had been isolated by phenol extraction and ethanol precipitation from virions, and 15 mg of carrier DNA. The suspension was briefly mixed and 400 ml of a PEG solution (40% PEG 4000, 100 mM Ca(NO 3 ) 2 , and 400 mM mannitol) were added. The samples were kept on ice for 20 min followed by gentle dilution with 2.5 ml of solution containing 400 mM mannitol, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose and 1.5 mM MES pH 5.7. The protoplasts were collected by centrifugation at 50 Â g for 7 min, washed once with 400 mM mannitol, and resuspended in 0.5 ml culture medium (1 Â Gamborg's B-5 medium, 100 mM glucose, and 400 mM mannitol). To mark organelles in the endocytic pathway (Bolte et al., 2004; Griffing, 2008; Van Gisbergen et al., 2008) , FM4-64 dye (Invitrogen) was added at 10 mM to the culture medium for continuous labeling until observation in the confocal microscope. An immunofluorescent assay for AMV CP was used to determine the percentage of infected protoplasts as previously described (Otsuki and Takebe, 1969) . Briefly, protoplasts were spotted onto glass slides coated with Mayer's albumin, quickly dried, and fixed in acetone. Polyclonal CP antiserum prepared in rabbits and anti-rabbit IgG conjugated with fluorescein isothiocyanate (Sigma) were used to detect AMV CP.
In vitro translation and protein analysis AMV RNA isolated from virions was translated in vitro using wheat germ extract (Promega) as described by the manufacturer. To analyze protein accumulation during infection, protoplasts were collected by centrifugation, resuspended in an equal volume of 2 Â electrophoresis sample buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 2% b-mercaptoethanol), and boiled for 5-10 min. Proteins were separated in 10 or 12% SDS-polyacrylamide gels by electrophoresis and transferred to PVDF membranes for western analysis using standard procedures (Sambrook and Russell, 2001) . Polyclonal rabbit antiserum was used to detect the CP followed by alkaline phosphataseconjugated anti-rabbit IgG.
Confocal microscopy
Protoplasts expressing fluorescent proteins and/or FM4-64 were observed using Zeiss laser scanning confocal microscopes (LSM 510, 610, and 710) . The 488 nm excitation line with a 505-530 nm band pass emission filter was used to detect GFP and the 543 nm excitation line with a 560-615 nm band pass emission filter was used to detect FM4-64, mRFP, and mCherry.
Alternatively, the emission of FM4-64 was detected at 593-647 nm using spectral scanning with the Meta detector. Chloroplast autofluorescence was imaged using the 488 nm laser line for excitation and the 615 nm long pass emission filter for detection. For experiments involving two or more fluorescent markers, images were collected sequentially to avoid channel bleed through. Zen (Zeiss), Imaris (Bitplane), and Photoshop CS3 (Adobe) software were used for post processing of all images.
